An irradiation field of high-energy neutrons produced in the forward direction from a thick tungsten target bombarded by 500 MeV protons was arranged at the KENS spallation neutron source facility. In this facility, shielding experiment was performed with an ordinary concrete shield of 4 m thickness assembled in the irradiation room, 2.5 m downstream from the target centre. Activation detectors of bismuth, aluminium, indium and gold were inserted into eight slots inside the shield and attenuations of neutron reaction rates were obtained by measurements of gamma-rays from the activation detectors. A MARS14 Monte Carlo simulation was also performed down to thermal energy, and comparisons between the calculations and measurements show agreements within a factor of 3. This neutron field is useful for studies of shielding, activation and radiation damage of materials for high-energy neutrons, and experimental data are useful to check the accuracies of the transmission and activation calculation codes.
INTRODUCTION
In high-energy and intense proton accelerator facilities, neutron penetration through shielding, activation of materials and radiation damage of instruments are serious problems. Although these physical quantities are generally predicted by simulations, their accuracies have not yet been well checked, especially for high-energy neutrons, because of lack of a well-characterised high-energy neutron irradiation field.
The KEK spallation neutron source facility (KENS) has a high-energy beam-line and an experimental room downstream of the spallation target. In this report, the attenuations of neutron reaction rates using activation detectors through concrete in the beam axis are presented. This facility is also used for high-energy neutron measurements of the spatial distribution of neutrons inside the shield (1) , mass distributions of the activation products (2) and activation productions in the concrete samples (3) . Figure 1 shows the vertical and horizontal cross sections of the high-energy neutron beam course of KENS arranged for a high-energy neutron irradiation experiment and a shielding experiment. In this beam course, high-energy neutrons produced in the forward direction, from a thick tungsten target bombarded by 500 MeV-5 mA protons are available from the beam exit (20 cm width Â 15 cm height). An ordinary concrete of 4 m thickness was assembled in contact with the beam exit, and seven slots reaching the beam axis inside the concrete shield were equipped in every 40-80 cm thickness for irradiation sample insertion. In a rectangular slot (slot 1) in the front surface of the shield and in six cylindrical slots of 10.6 cm diameter (slot 2-7) inside the shield, shielding plugs filled with the same concrete were inserted during the experiment. Acryl capsules containing irradiation samples can be attached at the bottom of the plugs, and then placed on the beam axis inside the shield from the top of the target station. Slot 8 is located at the 4-m-thick shield end.
IRRADIATION FACILITY AND EXPERIMENT
Activation detectors of bismuth, aluminium, indium and gold were used to measure neutron intensities. Since the neutron fluxes at various depths are widely different, a variety of detector sizes and thicknesses were employed, as shown in Table 1 . The capsules containing activation detectors were attached to the bottom of the shield plugs and were inserted into the eight slots in the shield. After one week of irradiation, gamma-ray spectra from the activation detectors were measured by Ge-detectors. The half-life, gamma-ray energies and their emission ratios for radioactive products used in this work are given in Table 2 . The efficiencies of the Ge-detectors, which include the self-absorption effect, were calculated (4) with the EGS4 code (5) for every detector type and size. From analyses of the photopeak counts of each gamma-ray, the reaction rates of
27 Al(n,a) 24 Na, 115 In(n,n 0 ) 115m In and 197 Au(n,g) 198 Au were obtained. In the analysis, the reaction rates were estimated using one or a few gamma-rays from the radioactive products, and the reaction rates in the same slot agreed within $10%, independent of gamma-rays analysed and detector sizes used.
MONTE CARLO SIMULATION
A Monte Carlo simulation using the MARS14(02) code (6) (7) (8) (9) was performed for secondary particle production from the target assembly bombarded by 500 MeV protons, which consisted of four tungsten blocks (total thickness 11.67 cm, density 19.2 g cm À3 ), water in gaps, a stainless steel container and a stainless steel forward shield of 10 cm thickness (10) . In this calculation, the angular and energy distributions of neutrons produced from the target assembly were obtained $1 MeV as shown in Figure 2 . It can be seen that the high-energy neutron component in the hundreds of MeV region in the spectrum of the forward direction is larger than those of the other angles.
Using this forward neutron spectrum as a source term, a neutron transmission calculation through a 4-m-thick concrete was performed also using the MARS14 code down to thermal energy. Below 14.5 MeV, the MARS default option of the 28-group BNAB transport (11) was used. In order to obtain neutron energy spectra with good statistics in this deep penetration calculation, a 4 m concrete slab was divided into four slabs and a step-by-step calculation was performed, like a splitting method, and the calculated neutron energy spectra inside the concrete shield on the beam axis were obtained as shown in Figure 3 .
Reaction rates of the activation detectors were calculated with the neutron energy spectra and 
RESULTS AND DISCUSSION
Measured attenuation profiles of all reactions through 4 m concrete shield were compared with those calculated as shown in Figure 4 . The results of the calculation of 202 Bi production gave underestimations, as seen in the figure. It can be considered that cross section data is inaccurate because the other bismuth reactions having close thresholds agreed with the experimental data. Besides, calculated results of 115m In and 198 Au productions which have large cross sections in a few MeV region and thermal energy, respectively, slightly overestimated the experimental data, and the calculation using the MCNP option instead of the BNAB of MARS for low-energy neutron transport is expected to improve the agreement with the experiment below 14.5 MeV.
It can be seen that all profiles exponentially attenuate with a similar slope >40 cm thickness (slot 2) because the energy spectra inside the concrete are in an equilibrium state as seen in Figure 3 . From Figure 4 , calculated reaction rates attenuate slightly slower than those measured, and it is considered that calculation including iron reinforcements inside the concrete and steel pipes around the slots in the geometry or concrete density might improve the agreement with the experiment. However, calculations 
